Abstract A red pigment produced by Zooshikella ganghwensis, was purified by solvent extraction and fractionation. The pigment was identified to be prodigiosin on the basis of spectroscopic data such as 1 H-NMR, 13 C-NMR, DEPT, 2D-NMR, IR, and FAB-MS. Prodigiosin inhibited matrix metalloproteinase-1 gene expression and the growth of human cancer cell lines, SK-BR-3, HCT-116, SK-OV-3, HeLa, HepG2, and SK-MEL-5.
Introduction
Pigments are a group of insoluble compounds that have intense color and a stable chemical structure throughout the whole coloration process (Venil and Lakshmanaperumalsamy 2009) . The pigments are an important source in the food, pharmaceuticals, and cosmetics industries. Pigments can be roughly classified, as synthetic or natural. Synthetic pigments have been widely used for manufacturing processes since their introduction by Perkin in 1856 because they are relatively cheap (Venil et al. 2013 ). However, many artificial pigments have hazardous effects on humans and the environment, therefore, the development of alternative natural pigments has attracted attention with the aim of decreasing toxicity (Venil and Lakshmanaperumalsamy 2009) .
Natural pigments are produced primarily by plants, animals, and microorganisms (Aberoumand 2011) . In particular, natural pigments produced by microorganisms are used commercially in many kinds of industries. Microorganisms produce a variety of pigments such as melanins, carotenoids, quinones, flavonoids, and anthocyanin (Venil and Lakshmanaperumalsamy 2009) .
Prodigiosin, a red pigment, is one of the natural microbial pigments. A previous study used the gramnegative bacteria Serratia marcescens to produce prodigiosin (Khanafari et al. 2006) . Prodigiosin is well known for its anti-bacterial (Mangione et al. 1976) , anti-cancer (Maheswarappa et al. 2013) , and anti-malarial (Castro 1967) activity. In this study, we used Zooshikella ganghwensis to produce prodigiosin. The pigment was evaluated for inhibitory effects on the growth of six human cancer cell lines and on the activity of matrix metalloproteinase-1, also known as interstitial collagenase and fibroblast collagenase.
Prodigiosin synthesized by Z. ganghwensis was easily obtained through solvent fractionation using ethyl acetate (EtOAc). The structure of the pigment was subsequently determined based on spectroscopic data including nuclear magnetic resonance (NMR), fast atom bombardment mass spectroscopy (FAB/MS), and infrared spectroscopy (IR). The red pigment was evaluated for inhibitory effects on the growth of human cancer cell lines and MMP-1 activity.
Materials and Methods
Bacterial strain and culture conditions Zooshikella ganghwensis was used for the production of red pigment. The bacteria were grown at 30°C in marine broth (Difco TM , USA; 37.4 g in 3 L strain stock for 7 days). The bacteria strain was originally isolated from mud flats in Kangwondo and reserved at the Korea Collection for Type Culture (KCTC).
Cell lines
The human cell lines were obtained from the Korea Cell Line Bank (KCLB, Seoul, Korea). Cytotoxicity testing was performed with six human cancer cell lines: SK-BR-3, HCT-116, SK-OV-3, HeLa, HepG2, and SK-MEL-5. All cell lines except for HeLa and HepG2 were maintained in RPMI 1640 medium supplemented with 10 % fetal bovine serum (FBS; Hyclone, USA) and incubated at 37°C in a humidified atmosphere at 5 % CO 2 . HeLa and HepG2 were Fig. 2 Cytotoxic activity of prodigiosin on six human cancer cell lines (*P \ 0.05; **P \ 0.01; ***P \ 0.001; compared to normal) grown in DMEM medium (Hyclone, USA) with 10 % FBS and 1 % penicillin-streptomycin. A human foreskin fibroblast (HFF) cell line was used for the assay of MMP-1 inhibition activity. HFFs were maintained in DMEM medium with 10 % FBS and 1 % penicillin-streptomycin at 37°C in a humidified atmosphere at 5 % CO 2 maintained by a 150i CO 2 incubator (Thermo Fischer Scientific Inc., USA).
General experimental procedure
Thin-layer chromatography (TLC) analysis was carried out using Kieselgel 60 F 254 and RP-18 F 254 S plates (Merck, Germany) and the spots on the plates were detected using a UV lamp Spectroline Model ENF-240 C/F (Spectronics Corporation, USA) after spraying with a 10 % H 2 SO 4 solution followed by heating. NMR spectra were measured on a 400 MHz FT-NMR spectrometer (Varian Inova AS 400, USA). IR spectra were obtained using a Perkin-Elmer model 599B (Waltham, USA). Fast atom bombardment mass spectrometry (FAB/MS) was run on a JMSAX-700 (JEOL, Japan).
Isolation of red pigment
The culture medium (2.4 L) was centrifuged (4000 rpm, 30 min) and the cell pellet was removed. The supernatant solution was concentrated in vacuum for solvent fractionation. The concentrated supernatant was poured into 500 ml H 2 O and extracted three times with 500 ml EtOAc. The organic layer was concentrated to give the red pigment (87 mg).
Pigment ( 00 ), 128.1 (C-5 00 ), 128.1 (C-3 00 ), 127.1 (C-2), 125.3 (C-2 00 ), 122.2 (C-5), 121.1 (C-5 0 ), 117.2 (C-4), 115.8 (C-6 0 ), 111.6 (C-3), 92.9 (C-3 0 ), 58.6 (-OCH 3 ), 29.6 (C-8 00 ), 29.5 (C-9 00 ), 29.4 (C-10 00 ), 25.2 (C-7 00 ), 14.0 (C-11 00 ), 12.3 (C-6 00 ).
MTT assay
Cytotoxicity of the red pigment was evaluated by the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. The red pigment was dissolved in dimethyl sulfoxide (DMSO). Cancer cells were seeded onto 96-well microplates at a density of 1 9 10 4 cells per well in 100 lL of medium each. After incubation at 37°C in a humidified incubator for 24 h, cells were treated with various concentrations (25, 50, 100 lM) of red pigment for 24 h. 50 lL of MTT solution (5 mg/mL in PBS) was added to the wells and incubated for 2 h, and then the MTTcontaining medium was gently removed and replaced with DMSO (100 lL per well). Optical density (OD) was measured at 550 nm using an microplate reader (BIO-TEK Inc., USA). Cell viability was calculated as a percentage of viable cells in the compound-treated group versus the control group by the following equation: Cell viability (%) = [OD (Compound) -OD (Blank)/OD (Control) -OD (Blank)] 9 100. The IC 50 value was the concentration of red pigment that reduced cell viability by 50 %. Doxorubicin was used as a positive control. Each experiment was repeated three times and statistical significance was tested using the Student's t test. P \ 0.05 was considered statistically significant. 
MMP-1 inhibition assay
Reverse transcription polymerase chain reaction (RT-PCR) was performed to evaluate the anti-aging activity of red pigment by measuring the expression level of MMP-1 in HFF cells. Total RNA was extracted using NucleoSpin Ò RNA kit (Macherey-Nagel, Germany) and dissolved in RNase-free water. The amount of RNA was measured spectrophotometrically by the absorbance at 260 nm. cDNA was synthesized from total RNA using the Maxime RT Premix kit (Oligo dT primer, iNtRON Biotechnology, Korea). PCR reactions were carried out on a SC 200 PCR machine (Kyratec, Australia) using the IQ SYBR Green Supermix PCR system (Bio-Rad, USA). The reactions were incubated at 45°C for 60 min, and then 95°C for 5 min. Real-time PCR was performed to amplify MMP-1 and b-actin from a mixture containing cDNA (1 lL), 5 0 -3 0 primer (10 pmol), and SYBR green (10 lL) using a CFX 96 TM Real-Time System (Bio-Rad, USA). Sequences of the MMP-1 primers were 5 0 -CCCAGCGACTCTAGAAA-CAC-3 0 (sense) and 5 0 -GCCTCCCATC ATTCTTCAGG-3 0 (antisense); and the b-actin primers were 5 0 -CAT-GAAGTGTGACGTGGA CA-3 0 (sense) and 5 0 -CAGGG-CAGTGATCTCCTTCT-3 0 (antisense). The results were analyzed using Bio-Rad CFX Manager 3.1 software. Each experiment was repeated three times and statistical significance was tested using the Student's t test. P \ 0.05 was considered statistically significant.
Results and discussion

Isolation and identification of red pigment
The strain Z. ganghwensis was cultured at 30°C in marine broth for 7 days. Culture medium was centrifuged to remove microorganisms and the supernatant was partitioned into H 2 O and EtOAc fractions to isolate the red pigment, which was confirmed through TLC analysis. The pigment was identified on the basis of spectroscopic analyses such as FAB-MS, IR, 1D NMR ( 1 H and 13 C-NMR, DEPT), and 2D NMR (gCOSY, gHSQC, and gHMBC).
Pigment (1), a red amorphous powder, showed absorbance bands of secondary amine group (3105 cm -1 ), aromatic methine (2928 cm -1 ), aromatic double bond (1602 cm -1 ), sp 2 alkene (1644 cm -1 ), and tertiary amine group (1125 cm -1 ). Its molecular weight was determined to be 323 from the molecular ion peak m/z 324 in the positive FAB/MS spectrum. 14.0, C-11 00 ; 12.3, C-6 00 ] were observed. Through these NMR and MS data, the structure of the pigment was assumed to contain three pyrroles and aliphatic chains. To confirm the key structure, heteronuclear multiple bond connectivity spectroscopy (HMBC) experiments were performed. The location of the methoxy group was determined to be at C-4 0 from the cross peak between the methoxy proton signal d 00 ) showed correlation with the olefin quaternary carbon signal d c 128.1 (C-5 00 ). Correlations of the methylene proton signal d H 2.39 (H-7 00 ) with olefin quaternary carbon signal d c 128.1 (C-5 00 ) and the olefin methine carbon signal dc 128.1 (C-3 00 ) confirmed the location of the aliphatic carbon chain. Consequently, the pigment (1) was identified to be prodigiosin (Fig. 1) , which was isolated from Z. ganghwensis for the first time in this study.
Cytotoxic activity of prodigiosin on human cancer cells
The cytotoxicity of prodigiosin was evaluated by treatment of six human cancer cell lines-SK-BR-3, HCT-116, SK-OV-3, HeLa, HepG2, and SK-MEL-5-with various concentrations of the pigment (Fig. 2) . The cell viability of the cancer cell lines decreased to \50 % after treatment with 25 lM red pigments with the exception of HCT-116 and SK-OV-3 cells. The IC 50 values were determined to be 27.3 lM (SK-BR-3), 49.9 lM (HCT-116), 97.8 lM (SK-OV-3), 28.8 lM (HeLa), 24.2 lM (HepG2), and 41.3 lM (SK-MEL-5). Doxorubicin was used as a positive control. The IC 50 values of doxorubicin were determined to be 0.76 lM (SK-BR-3), 8.9 lM (HCT-116), 0.62 lM (SK-OV-3), 3.3 lM (HeLa), 26.8 lM (HepG2), and 4.43 lM (SK-MEL-5).
Inhibitory activity of prodigiosin on MMP-1 gene expression
Prodigiosin was evaluated for inhibitory activity on MMP-1 gene expression in HFF cells. Exposure of cells to UV radiation increases MMP-1 gene expression level by 43.0 % compared to the control. MMP-1 gene expression is introduced by UV-induced DNA damage in human skin (Dong et al. 2008) . We found that MMP-1 gene expression decreased as the prodigiosin concentration increased (Fig. 3) . In particular, treatment with 2 % prodigiosin reduced MMP-1 gene expression decreased by 51.9 %. The viability of cells treated with 2 % prodigiosin was 92.3 %, indicating that 2 % prodigiosin was not toxic to the cells in the range of concentrations used in this study. This was the first report that prodigiosin inhibits MMP-1 gene expression.
